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INTRODUCTION
M-DNA  (mitochondrial  deoxyribonucleic  acid)
from  a variety  of animals  ranging  from insects  to
mammals,  prepared for electron microscopy by the
protein monolayer technique  (15), has been  shown
to be in the form of a circle (3,  4,  13,  16, 18-22,  24).
The contour lengths of the circles of any one species
have a Gaussian distribution with a small standard
error. The M-DNA's  of many  vertebrates  appear
to be  similar in mean  contour length  (16,  21),  but
variation from 4.45  tm for  sea urchin  egg M-DNA
(19)  to 5.56  /u for Rana pipiens oocyte M-DNA  (24)
and  5.6  1A  for  guinea  pig  liver  M-DNA  (21)  has
been reported.  Some of this variation clearly results
from  differences  in  preparation  technique,  as
might  be expected  from  the work  of Inman  (14),
and as illustrated, for example, by the values of 5.0 ,u
and  5.4  ,u for  chicken  liver  M-DNA  reported  by
Sinclair  et  al.  (21)  and Van  Bruggen  et  al.  (22),
respectively.  Also,  small  but significant  differences
in  mean  contour lengths have  been  reported from
different preparations  of M-DNA  from  a common
origin by the same authors  (10).
It  is  important  to  establish  whether  apparent
differences  in  size  of M-DNA's are real, since such
differences  would  reflect  differences  in  genetic
information content, either qualitative or quantita-
tive. This report relates the results of an attempt to
determine  the  validity  of  apparent  differences  in
contour lengths  of as much as  19.8e% between  M-
DNA  molecules  of  two urodele Amphibia,  Siredon
mexicanum  and  Necturus maculosus, and  two  anuran
Amphibia,  Rana  pipiens  and  Xenopus  laevis.
MATERIAL  AND  METHODS
Mitochondria  were  prepared  from oocytes  and  liver
of  Siredon  mexicanum,  Necturus  nzaculosus,  and  Xenopus
laevis and from oocytes  of Rana pipiens by  the method
described  by  Dawid  (6).  Liver  and  oocyte  mito-
chondria  of N.  maculosus and  liver  mitochondria  of
S.  mexicanum  were  prepared  without  treatment  with
DNase  (deoxyribonuclease)  which  eliminates  con-
tamination  by nuclear DNA  in some  preparations  of
mitochondria.  Liver  mitochondria  from  both  N.
maculosus and  S.  mexicanum  appear  to  be  sensitive  to
DNase,  a problem encountered  previously  with sheep
heart  mitochondria  (16)  and with liver  mitochondria
of anuran  Amphibia  (1, 7).  Purification of DNA and
conditions  of  centrifugation  in  CsCl  gradients  ac-
cording  to  the method  of Meselson  et al.  (17)  were
described  previously  (8).  The  concentration  of DNA
in each  sample was determined by measuring the ab-
sorbancy  at 260  m/g  in a spectrophotometer  (50  Ag/
ml DNA has an OD  =  1).  M-DNA  from  oocytes  and
liver of S.  mexicanum,  N.  maculosus,  and  X.  laevis and
from  oocytes  of R.  pipiens were  prepared  separately
for  electron  microscopy.  Equal  amounts  of  open
circular  oocyte  M-DNA  were  estimated  for  each  of
the four  species  (taking  into  account  the  concentra-
tion  of DNA  and  the  ratio  of  supercoiled  to  open
molecules  in  each  sample,  and,  in  the  N.  maculosus
sample,  the amount of nuclear DNA)  mixed in every
possible combination of two and prepared for election
microscopy.
For  electron  microscopy  the  DNA  was  prepared
by the  method  of Freifelder  and  Kleinschmidt  (12).
Approximately  0.1  ml  of a  1 M ammonium  acetate
solution containing 3  g/ml DNA, 0.05%  cytochromne
c, and 0.5%  formaldehyde  was  allowed  to flow down
an  inclined  glass  slide  onto  a  hypophase  of  0.3  M
ammonium  acetate  containing  0.56%7  formaldehyde.
The  surface  film  was  picked  up  on  carbon-coated
Formvar  films  supported  on  100-mesh  copper  grids.
The grids  were then shadowed,  on a rotary  turn table
at  an  angle  of  about  8,  with  10  mg  of platinum-
palladium  wire  (80:20)  evaporated  from  a  23  mil.
tungsten  wire  at a  mean distance  of  10  cm from  the
grids  in  a  Kinney  Model  KSE-2  evaporating  unit.
Electron  micrographs  were  made  with  a  Siemens
Elmiskop  I  (using  combined  objective  and  inter-
mediate  lenses,  and  projector  pole  piece  II)  at  an
original  magnification  calibrated  with  a  diffraction
grating  replica  (2,160  lines/mm)  to  be  10,600  X.
Measurements  of shadowed  molecules  were  made on
positive  prints  at  a  magnification of  121,900  with a
map  measurer.
RESULTS
The  band  positions  at  equilibrium  of  M-DNA
from  S. mexicanum  and  N.  maculosus in  CsCI  gra-
dients are compared to the positions of nuclear DNA
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Both  M-DNA's  band  at  a  density  of  1.695.  If
the  absence  of  unusual  bases  is  assumed,  this
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FIGURE  1  Microdensitometry  tracings  of  ultraviolet
photographs  of  CsCI  buoyant  density  gradients  of
M-DNA and  nuclear  DNA  of  Siredon mexicanum.  a,
Oocyte  M-DNA;  b, liver M-DNA;  c, nuclear  DNA; d,
M-DNA  and nuclear  DNA;  e,  denatured  M-DNA;
f,  renatured  M-DNA.  The  marker  (1.731)  is  DNA  of
Micrococcus  lysodeikticus.
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FmuIr  '2  Microdensitonietry  tracings  of  ultraviolet
photographs  of  CsCl  buoyant  density  gradients  of  a,
oocyte M-I)NA and nuclear I)NA;  and b, nuclear DNA
of  Necturus maculosus. The  marker  (1.731)  is DNA  of
M. lysodeikticus.
density  corresponds  to  a base composition  of 36%
guanylic  plus cytidylic  acid.  The density of nuclear
DNA  is different  from that of the M-DNA in both
species,  and the difference  is large enough to allow
clear resolution of the bands. M-DNA from oocytes
and from liver  has the same density  as  is shown  for
S. mexicanum in Fig.  I a and  b.  The same result has
also been  obtained for N.  maculosus.  In  accordance
with previous  work  on M-DNA from other sources
(2,  5),  the M-DNA  from  S.  mexicanum  renatured
well (Fig.  I e andf). Similar  results were  obtained
for N.  maculosus.  In  experiments in which M-DNA
and  nuclear  DNA were  annealed  in mixture,  the
two components  behaved  independently;  the  M-
DNA  renatured  while  the  nuclear DNA  retained
the  density  of  the  single-stranded  material  (see
reference  9).
Fresh  preparations  of  amphibian  M-DNA
usually  comprise  highly  twisted  or  supercoiled
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circular  molecules  and  open  circular  molecules.
The supercoiled form consists of two intact strands
which  are  topologically  interlocked.  The  super-
coiling  is  brought  about  by  a  deficiency  of turns
in  the  closed  molecule,  such  that  in  order  to
complete  base  pairing the molecule  must  twist on
itself. The  twisted  circle  may  be converted  to  the
open  circular form  by  breakage  of a  single  phos-
phodiester bond  in one  of the  strands  (for  further
discussion  see  references  8,  23).
The  ratio  of supercoiled  circles  to  open  circles
in  each  of the M-DNA  samples  examined  varied
from 70:30 for N.  maculosus oocytes  to 0:100 for R.
pipiens oocytes.  The R. pipiens oocyte  M-DNA  had
been left standing at 4°C for about 6 months before
use,  which  is  known  to  favor  the  conversion  of
supercoiled  circles  to  open  circles  (24).  20  open
circles from each  of the preparations of individually
spread  samples  and  40 open  circles  from  each  of
the  mixed  sample  spreads  were  photographed  at
random  and  measured.  The  results  are  sum-
marized  in Fig.  3 and Table  1. The mean contour
lengths of circles of oocyte and liver M-DNA of S.
mexicanum  and  N.  maculosus are  similar.  Values for
the  contour  lengths  of oocyte  and  liver  M-DNA
of N. maculosus in a repeat  preparation  were 5.08  u
(SE  =  4-  0.018)  and  5.09  (SE  =  +  0.025),
respectively,  indicating  the  difference  between
these  two  samples  in  the initial experiment  to  be
preparational  rather than real.  The mean contour
lengths  of separately  spread  oocyte  M-DNA  from
R.  pipiens  and  X.  laevis  are  also  similar  to  each
other  but  differ  from  the  contour  lengths  of the
urodele M-DNA's by  14.3-19.8%  (Figs. 4  and  5).
M-DNA from X. laevis liver is  similar in mean  con-
tour length (5.66  ., SE  =  - 0.031)  to the M-DNA
of oocytes  of this species.
In each of the preparations comprising a mixture
of a  urodele M-DNA and an anuran M-DNA,  the
contour lengths of the circles  fall  into  two  distinct
groups, and the means of the two groups  are of the
same  order  as  the  means  of  the  corresponding
separately  spread  urodele  and  anuran  M-DNA's
(Figs.  6  and  7).  Lengths  of circles  in  the prepara-
tion comprising  the two  urodele M-DNA's  and  in
the  preparation  comprising  the  two  anuran  M-
DNA's each form only one group, however, with a
mean characteristic  of  the respective  subclass.  In
the preparations  of mixtures of urodele and anuran
M-DNA's,  the  differences in  mean  length between
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Siredon  mexiconum  a  S. mexiconum+ R.  pipiens  9
oocyte  4.77(0.030)  6.01
5.14
Necturus  moculosus  b  S. mexiconum*  X.  loevis  h
oocyte  4.96 (±0.037)  5.02  5.64
S mexiconum  c  N.moculosus +  R pipiens
liver
4.67 (t0.028)  5.09  5.95
N. mrculosus  d  N.  moculosus +  X. loevis  k
liver
4.69(±0.040)  -494  5.64
Rna  pipiens  e  S. mexicanum_
oocyte  5.82 (  0.037)  N.  mculosus N.  moculosus
5.19 (±0.020)-
Xenopus  loevis  f  R. pipiens + X. levis  m
oocyte  5.79 (0.  5.90 (±  0.025)TABLE  I
Comparisons of  the Mean Contour Lengths of Open Circular Molecules from the  Various Samples of Amphibian
M-DNA  Spread Separately and in Combinations of  Two
Difference  from  mean  of
Mean  and  standard
error  (a-f,  -m);  mean  N. maculosus
of distinct  groups  R. pipiens  X.  laevis
Sample  n  within  samples  (g-k)  (e)  (f)  oocyte  (c)  liver  (d)
M  %  %  No%  %
Siredon mexicanum
(a)  oocyte  20  4.77  (-0.030)  18.0  17.6  3.8  1.6
(b)  liver  20  4.67  (±0.028)  19.8  19.3  5.9  0.4
Necturus maculosus
(c) oocyte  20  4.96  (0.037)  14.8  14.3  5.4
(d)  liver  20  4.69  (-0.040)  19.4  19.0
Rana pipiens
(e)  oocyte  20  5.82  (4-0.037)  - -
Xenopus  laevis
(f)  oocyte  20  5.79  (4-0.041)  0.5
Difference  between  means  of
distinct groups  within  samples
%
S.  mexicanum  and R.  pipiens (g)  40  5.14  6.01  14.5
S. mexicanum  and X.  laevis  (h)  40  5.02  5.64  11.0
N.  maculosus and  R. pipiens (j)  40  5.09  5.95  14.5
N. maculosus and  X.  laevis  (k)  40  4.94  5.64  12.4
Difference  from mean  of
R  pipiens and  X.  laeis (m)
S.  mexicanum  and  N.  maculosus  (1)  40  5.19  (0.020)  12.0
R.  pipiens and X.  laevis  (m)  40  5.90  (0.025)
the  two  component  DNA's  are  always  less  than
the  difference  in  mean  length  between  urodele
and anuran DNA's  spread  individually. A similar
smaller  difference  is  also  found,  however,  be-
tween  the  mean  of the  mixed  S.  mexicanum  and
N.  maculosus M-DNA's  and the mean of the mixed
R.  pipiens and X.  laevis M-DNA's.
DISCUSSION
M-DNA from  both S.  mexicanum  and  N.  maculosus
is  unusual  in  density.  In  other  vertebrates  the
density  of  M-DNA  shows  little variation  and  is
very close to the density of nuclear DNA, except in
birds;  in  birds  the  density  of M-DNA  is  higher
than the density of nuclear DNA but still similar in
different  species  (1,  16).  In  contrast,  the  present
results  show that urodele  M-DNA  is  substantially
less  dense  (by  7 mg/cm3) than the M-DNA's of R.
pipiens and X.  laevis, both of which have a buoyant
density  of  1.702  (6).  Urodele  nuclear  DNA  is
more  dense than other vertebrate  DNA's and  the
difference  between  nuclear DNA  and  M-DNA  is
thus very pronounced in these animals. The density
of urodele  nuclear DNA reflects  its  base  composi-
tion  as shown  by  optical melting  studies  (Dawid,
I. B., data unpublished.)  and microchemical analy-
sis for S. mexicanum (11).  Urodele nuclear DNA has
a  higher  content  of guanylic  plus  cytidylic  acid
than  any  other known  vertebrate  DNA.
A real  difference  in  length between  the urodele
and anuran  M-DNA's is  firmly established  by the
finding  that,  when  preparation  differences  are
eliminated  by mixing the DNA's before  spreading
and  shadowing,  the  two  classes  of DNA  are  still
clearly  distinguishable.  The  buoyant  density  in
CsCl  of  both  urodele  M-DNA's  is  1.695  and  of
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All micrographs,  X  70,200.
FIGURE  4  Siredon mexicanum, contour length 4.7 p.
FIGUI  5  Rana pipiens,  contour  length  5.8  .
both types  of anuran  M-DNA's  is  1.702. The ob-
served  differences  in  contour  lengths may,  there-
fore,  be accountable  for  simply  by  the absence  in
the  shorter  molecules  of a  segment  or  segments
(presumably of high content  of guanylic plus  cyti-
dylic acid) present in the larger molecules,  or more
complex  differences  in base  sequence  between  the
two  types  of  molecule  may  also  be  involved.
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